The effects of temperature, light and pH on mycelial growth and luminescence of four naturally bioluminescent fungi were investigated. Cultures of Armillaria mellea, Mycena citricolor, Omphalotus olearius and Panellus stipticus were grown at 5³C, 15³C, 22³C and 30³C, under 24 h light, 12 h light/12 h dark and 24 h dark, and at a pH ranging from 3.5 to 7 in three separate experiments. Temperature and pH had a significant effect on mycelial growth and bioluminescence, however light did not. Bioluminescence and mycelial growth were optimum at 22³C and pH 3^3.5, the exception being M. citricolor for which bioluminescence and growth were optimum at pH 5^6 and pH 4, respectively. With the exception of M. citricolor, bioluminescence and mycelial growth were greater under 24 h darkness. An understanding of the effect of culture conditions on mycelial growth and luminescence is necessary for the future application of bioluminescent fungi as biosensors. ß
Introduction
Bacterial bioluminescence has been widely exploited as in marker systems for detection and tracking of cells in the environment and as biosensors for the detection of pollutants [1] . In contrast, there has been little research into fungal bioluminescence. It is thought that the chemistry of the bioluminescence system of fungi is di¡erent to that of other known systems [2] , although there is limited information concerning the biochemistry, genetics and molecular biology of the fungal bioluminescence system. There are currently thought to be 42 species of naturally bioluminescent fungi within nine genera, all of which are basidiomycetes [2] . Examples of bioluminescent fungi include Armillaria mellea, Mycena citricolor (synonym Omphalia £avida), Omphalotus olearius (synonym Pleurotus olearius, Clitocybe illudens) and Panellus (Panus) stipticus [2^4], although luminescence is exhibited only by the North American strains of P. stipticus and not by the Eurasian strains [5] . Luminescence may be present in mycelia, as for example in a number of Mycena species, or in both mycelia and fruiting bodies, as for example in P. stipticus and O. olearius [3] .
In order to use naturally bioluminescent fungi as reporters in environmental studies, it is necessary to determine if there is a relationship between luminescence and growth. The ¢rst step to further understand and exploit fungal bioluminescence is to be able to culture them under conditions that maximise their luminescence and growth. There have been only a few studies, in particular on P. stipticus (e.g. [4] ), that have characterised the e¡ect of culture conditions on bioluminescent fungi, but these have either not been comparative or comprehensive. The aim of this study was to quantify the e¡ect of temperature, light and pH on the mycelial growth and bioluminescence of four naturally bioluminescent fungi, A. mellea, M. citricolor, O. olearius and P. stipticus.
Materials and methods

Cultures and culture conditions
The fungal cultures used in this study were obtained from the American Type Culture Collection (Rockville, MD, USA): A. mellea (Vahl: Fries) Karsten (ATCC 1113), M. citricolor (Berkley et Curtis) Saccardo (ATCC 34884), O. olearius (DeCandolle: Fries) Singer (ATCC 26523) and P. stipticus (Bulliard: Fries) Karsten (ATCC 66462). For long-term storage, agar plugs of the fungi were kept in 10% glycerol at 380³C [5] . For short-term storage, the fungi were generally maintained on the following media: O. olearius on BBL mycophil agar (BBL, Becton Dickinson UK Ltd., Oxford, UK) (adjusted to pH 5 þ 0.1 using 20% phosphoric acid), M. citricolor on Difco potato dextrose agar (Difco Laboratories, Becton Dickinson UK Ltd., Oxford, UK), A. mellea and P. stipticus on Difco YM agar (adjusted to pH 5 þ 0.1). For all experiments, the fungi were subcultured onto 2.5% breadcrumb agar (¢nely ground, white, organic breadcrumbs and 2% Difco bacto agar, adjusted to pH 5 þ 0.1) and incubated at 22³C in the dark. The cultures were then stored for up to 1 month at 4³C in the dark.
Experimental set-up
The plates used in the experiments (unless otherwise stated) were 35-mm Petri dishes containing 5 ml of Oxoid malt extract agar (Oxoid Ltd., Basingstoke, UK) which had been found in preliminary experiments to be better for all four fungi than other malt extract agars. Malt extract agar was also selected as its translucency made the measurement of growth more accurate in comparison to 2.5% breadcrumb agar. The plates were inoculated with 5-mm agar plugs cut with a sterile cork borer from the outer edge of 1-month-old cultures maintained on 2.5% breadcrumb agar. The bioluminescence of all cultures was checked before being used as inocula in the experiments. Six replicates were used for each treatment in the three experiments. The plates were double sealed with Whatman 0 sealing ¢lm to prevent drying out and placed in plastic storage boxes. The position of the plates in the boxes was randomised and changed every 2 days.
Measurements
Mycelial growth was measured with a calliper gauge along two diameters at right angles to one another and the average diameter for each plate calculated. The mean mycelial growth was then calculated from the six replicates of each treatment. All growth measurements were made at the same time (between 11.30 am and 2 pm). Bioluminescence was measured using a TD 20/20 (Version 2.2) luminometer (Steptech Instrument Services Ltd., Stevenage, UK) with the sensitivity set at 35% and recorded as relative light units (RLU). Background readings were obtained using uninoculated malt extract agar plates. All bioluminescence measurements were made at the same time (between 10 and 11.30 am) because of previously reported periodicity in the bioluminescence of A. mellea and P. stipticus [6] . The mean bioluminescence was calculated from the six replicates of each treatment. Mycelial growth and bioluminescence were measured daily for M. citricolor, and every 2 days for A. mellea, O. olearius and P. stipticus. Measurements were taken until all six replicate cultures within one treatment had reached the edge of the plate. The e¡ects of temperature, light and pH on A. mellea, M. citricolor, O. olearius and P. stipticus were studied in three separate experiments as described below.
Temperature experiment
The e¡ect of temperature on mycelial growth and bioluminescence was studied by growing the fungal cultures at 5³C, 15³C, 22³C and 30³C. All plates were incubated in the dark. The temperature of the incubators was checked using a maximum/minimum thermometer and recorded every 2 days. The mean temperatures ( þ S.E.M.) within the incubators were 5.0 þ 0.1³C, 14.4 þ 0.2³C, 21.7 þ 0.1³C and 30.0 þ 0.1³C.
Light experiment
The e¡ect of light on mycelial growth and bioluminescence was studied by growing the fungal cultures under di¡erent photoperiods of 24 h light, 12 h light/12 h dark and 24 h dark. All plates were incubated at 22³C. Light and light/dark treatments were carried out in a Fi-totron 600H growth cabinet (Fisons Scienti¢c Apparatus, Loughborough, UK) containing 40 W, warm, white £uorescent tubes. The dark treatment was carried out as described for the temperature experiment in a standard incubator.
pH experiment
The e¡ect of pH on mycelial growth and bioluminescence was studied by growing the fungal cultures on malt extract agar with a pH range of 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0 and 7.0, prepared using Oxoid malt extract broth, citrate phosphate bu¡er and 1.5% Oxoid technical agar as previously described [4] . The bu¡er was prepared using 0.1 M citric acid and 0.2 M Na 2 HPO 4 to cover pH 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0 and 7.0 [7] , and 50 ml bu¡er was added to the broth and agar in 50 ml distilled H 2 O. To avoid acid hydrolysis of the agar at low pH, the broth in 50 ml bu¡er was autoclaved separately to the agar in 50 ml distilled H 2 O, and then added together after autoclaving. The pH was measured after the agar had set by removing a piece of agar and liquefying it using a microwave ; it was then cooled to 50³C and the pH measured using an Accumet pH electrode [8] . 
Statistical analysis
Statistical analysis was carried out on the data for mycelial growth and bioluminescence. Non-parametric analyses of variance were carried out on ranked data using Minitab Version 13 using the General Linear Model. The signi¢cance levels expressed are at a 95% con¢dence level.
Results and discussion
Temperature experiment
Temperature had a signi¢cant e¡ect on both mycelial growth and bioluminescence of all four fungi. P. stipticus and O. olearius grew at 5³C (after 8 and 18 days, respectively), 15³C, 22³C and 30³C. M. citricolor grew at 5³C (after 13 days), 15³C and 22³C but did not grow at 30³C. A. mellea grew at 15³C, 22³C and 30³C but not at 5³C. Mycelial growth was generally less dense and showed sparse radial extension at 5³C compared to the dense mycelial growth at 22³C. The optimum temperature for both mycelial growth and luminescence was 22³C (Fig. 1a,b,d) , except for O. olearius for which luminescence was optimum at 15³C (Fig. 1c) .
It has previously been noted that temperature a¡ects mycelial growth and luminescence of naturally bioluminescent fungi [4, 6, 9, 10] . Buller [9] found an optimum temperature between 10 and 25³C and a maximum temperature of 35^37³C for luminescence of P. stipticus. Airth et al. [10] found an optimum temperature of 26³C for luminescence of A. mellea, while Risbeth [11] found that 25³C was the optimum temperature for growth of A. mellea on malt agar. Bermudes et al. [4] and Berliner [6] reported the optimum temperature for luminescence of P. stipticus at 22³C and 18^26³C, respectively. Other studies have also found an optimum temperature for growth of basidiomycetes (wood-rotting) between 20 and 30³C [12, 13] . The temperature optima for mycelial growth and bioluminescence that were found in this study for A. mellea and P. stipticus were similar to those in previous studies, but they have not previously been reported for M. citricolor and O. olearius.
Light experiment
Light had a signi¢cant e¡ect on mycelial growth but not on bioluminescence, except for O. olearius. For O. olearius and P. stipticus, the 24 h dark treatment was optimum for growth. A. mellea and M. citricolor showed no signi¢cant di¡erence in growth under 24 h dark and 12 h light/12 h dark. A signi¢cant decrease in growth was observed under 24 h light compared to under 24 h dark for all four fungi. In particular, the mycelia of A. mellea and O. olearius grown under 24 h light were generally less dense and showed sparse radial extension. A. mellea produced rhizomorphs under 24 h dark, whereas none was produced in the other light treatments. Townsend found that rhizomorphs of A. mellea grew faster at 25³C in the dark than in the light [14] . Luminescence levels were highest under 24 h dark followed by 12 h light/12 h dark and 24 h light for A. mellea and P. stipticus (Fig. 2a,d ). Luminescence levels were signi¢cantly higher under 24 h dark followed by 24 h light and 12 h light/12 h dark for O. olearius (Fig. 2c) . Luminescence levels were higher under 24 h dark and 24 h light than under 12 h light/12 h dark for M. citricolor (Fig. 2b) .
The results showed that the light treatments used in this study had no signi¢cant e¡ect on fungal bioluminescence in contrast to other studies [4, 15] . An optimum for mycelial growth and bioluminescence was, however, found under 24 h darkness. Bermudes et al. [4] found that ambient £uorescent light led to decreased growth and bioluminescence in P. stipticus. Lingle [15] also noted that ambient light conditions had an e¡ect on P. stipticus. In this study, distinct concentric mycelial growth zones were observed for A. mellea, O. olearius and P. stipticus under 24 h light conditions. It has been shown that light in£u-ences the growth rate of fungi [16] , although it has been suggested that light e¡ects on fungal growth should be interpreted cautiously [17] . Berliner [18] found that diurnal periodicity in A. mellea and P. stipticus was not a¡ected by the cultures being incubated either under 24 h dark, 24 h light or 12 h light/12 h dark conditions. One reason for the di¡erent e¡ects observed in our study compared to studies in which ambient light was used could be that the intensity and quality of light were very di¡erent.
pH experiment
The pH value had a signi¢cant e¡ect on both mycelial growth and bioluminescence of all four fungi. The optimum pH for growth was pH 3.5 for A. mellea and O. olearius, pH 3.5^4 for P. stipticus and pH 4 for M. citricolor (Fig. 3) . P. stipticus had the most limited pH range, with poor mycelial growth at pH 4.5 and above. Poor growth was observed at pH 6 and no growth was observed at pH 7 for any of the fungi. A. mellea produced rhizomorphs at pH 3.5 (after 18 days). Townsend found that the pH range over which rhizomorphs developed was 3.6^8, with an optimum at pH 5.6 [14] . The optimum pH for luminescence was pH 3 for O. olearius, pH 3.5 for A. mellea and P. stipticus, and pH 5^6 for M. citricolor (Fig. 3) . Luminescence was poor at pH 5.5 and above for A. mellea, O. olearius and P. stipticus but not for M. citricolor.
Bermudes et al. reported that P. stipticus had a bioluminescence optimum of pH 3.8, with poor growth and luminescence below pH 3.6 or above pH 4.4 and no growth or luminescence at pH 6 or above [4] . Kamzolkina [19] found an optimum pH of 4 for luminescence of A. mellea. Shimomura reported that there was no mycelial growth and luminescence at pH 7 or above [20] . The pH optima for mycelial growth and bioluminescence that were found in this study for A. mellea and P. stipticus were similar to those in previous studies, but they have not previously been reported for M. citricolor and O. olearius.
Conclusions
This study suggested that there is a general relationship between mycelial growth and bioluminescence as lower levels of luminescence were associated with poor growth. This implies a relationship between growth and luminescence as suggested previously [20, 21] . Mycelial growth is not necessarily well correlated with biomass, but it is the most frequently used parameter for this kind of study and the only practical one when hundreds of measurements need to be made [12, 22] . The relationship between growth and luminescence found in this study should now be further investigated by correlating biomass with luminescence. The use of image analysis using charge-coupled device cameras on growing fungal cultures would also be useful to observe spatial and temporal patterns in bioluminescence [23] . The higher pH optimum found for bioluminescence of M. citricolor as well as high luminescence under 24 h light rather than 24 h dark compared to the other three fungi is an interesting di¡erence not previously noted. One hypothesis to explain this are the di¡erent ecological niches in which these fungi are found; M. citricolor is a leaf pathogen whereas A. mellea, O. olearius and P. stipticus are all wood-rotting fungi [24] . Several theories have been suggested regarding possible reasons for fungal bioluminescence [2, 9, 15, 25] . The e¡ects found in this study have determined the culture conditions required to optimise luminescence and growth that will facilitate further studies to gain a better understanding of fungal bioluminescence. Such an understanding is necessary for the successful application of naturally bioluminescent fungi to report on environmental processes (e.g. [24] ) and to apply them as fungal biosensors in the future.
